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Abstract Ceramides (Cers) with ultralong (~32-carbon)
chains and w-esterified linoleic acid, composing a subclass
called omega-O-acylceramides (acylCers), are indispensable
components of the skin barrier. Normal barriers typically
contain acylCer concentrations of ~10 mol%; diminished
concentrations, along with altered or missing long periodic-
ity lamellar phase (LPP), and increased permeability accom-
pany an array of skin disorders, including atopic dermatitis,
psoriasis, and ichthyoses. We developed model membranes
to investigate the effects of the acylCer structure and con-
centration on skin lipid organization and permeability. The
model membrane systems contained six to nine Cer sub-
classes as well as fatty acids, cholesterol, and cholesterol
sulfate; acylCer content—namely, acylCers containing sphin-
gosine (Cer EOS), dihydrosphingosine (Cer EOdS), and
phytosphingosine (Cer EOP) ranged from zero to 30 mol%.
Systems with normal physiologic concentrations of acylCer
mixture mimicked the permeability and nanostructure of
human skin lipids (with regard to LPP, chain order, and lat-
eral packing). The models also showed that the sphingoid
base in acylCer significantly affects the membrane architec-
ture and permeability and that Cer EOP, notably, is a weaker
barrier component than Cer EOS and Cer EOdS. Mem-
branes with diminished or missing acylCers displayed some
of the hallmarks of diseased skin lipid barriers (i.e., lack of
LPP, less ordered lipids, less orthorhombic chain packing,
and increased permeability) .l These results could inform
the rational design of new and improved strategies for the
barrier-targeted treatment of skin diseases.—Opalka, L., A.
Kovacik, P. Pullmannova, J. Maixner, and K. Vavrova. Effects
of omega-O-acylceramide structures and concentrations in
healthy and diseased skin barrier lipid membrane models. J.
Lipid Res. 2020. 61: 219-228.
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The uppermost human skin layer, the stratum corneum
(SC), acts as a barrier against the penetration of potentially
harmful substances, allergens, or bacteria into the organ-
ism and protects the body from excessive water loss (1).
The major permeability barrier resides in the SC inter-
cellular lipid matrix, which is an equimolar mixture of
ceramides (Cers), FFAs, and cholesterol (Chol) with addi-
tional minor components, such as cholesteryl sulfate
(CholS) (2-4). Cers represent a structurally heterogeneous
group comprising at least 15 subclasses (supplemental Fig.
S1). The most unusual members of the skin Cer family are
the w-O-acylceramides (acylCers or Cers of the EO subclass,
Fig. 1). AcylCers have an ultralong w-hydroxylated acyl
chain (up to 38 carbons; usually 30-32 carbons) attached
to a sphingoid base. Furthermore, linoleic acid is esterified
to w-hydroxyl (5), resulting in an acylCer total length of
~70 carbons. AcylCers constitute ~10 weight % (roughly 7
molar %) of the SC Cers (3, 6-8), although some studies
report up to 25 weight % acylCer content (18 molar %)
(9-12). The acylCers consist of sphingosine-based Cer EOS
(~51 weight %), phytosphingosine-based Cer EOP (~11
weight %), dihydrosphingosine-based Cer EOdS (~3 weight
%) and 6-hydroxysphingosine-based Cer EOH (~35 weight
%) (3, 6-8).

Abbreviations: acylCer, o-O-acylceramide; Cer, ceramide; Cer EOdS,
acylCers containing dihydrosphingosine; Cer EOP, acylCers containing
phytosphingosine; Cer EOS, acylCers containing sphingosine; FTIR,
Fourier transform infrared spectroscopy; Chol, cholesterol; CholS, so-
dium cholesteryl sulfate; IND, indomethacin; LPP long periodicity la-
mellar phase; SC, stratum corneum; SPP, short periodicity lamellar
phase; TH, theophylline; XRD, X-ray diffraction.
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Composition of the model lipid membranes and human stratum corneum lipids
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Fig. 1.
composition of free human stratum corneum lipids (3, 6-8, 39).

AcylCers are indispensable for correct skin barrier func-
tioning. A complete deficiency or major defects in the bio-
synthesis of acylCers lead to neonatal death due to
enormous water loss through impaired skin (13, 14). Minor
reductions in acylCer levels, accompanied by diminished
long periodicity phase [LPP, a unique lamellar arrange-
ment of skin lipids with 12-13 nm repeat distance (15-19)],
and disturbed barrier function have been observed in sev-
eral skin diseases (4) such as atopic dermatitis (20, 21), ich-
thyoses (22), psoriasis (23), Netherton syndrome (24), and
dry skin (25). The acylCer levels in diseased and healthy
skin vary among studies; the results depend on disease se-
verity, sampling area, analytical method, and other factors.
For example, acylCer levels were reduced by ~50% (12,
26-28), ~20% (10, 11), and 15% (21) in atopic dermatitis
patients compared with healthy volunteers. Topical acyl-
Cers also have a strong potential in therapy for such dis-
eases (29). Studies using isolated and synthetic ceramides
showed that acylCers are crucial for the formation of LPP
(16, 30-35) and acylCer headgroup architecture influ-
ences the LPP formation (31, 32). In our previous report,
simple model membranes composed of Cer EOS/Cer NS/
Cy4-FFA/Chol/CholS closely reproduced the lamellar
structure but not the permeability of the human skin barrier.
Upon increasing the model complexity (6-9 Cer subclasses/
FFAs/Chol/CholS), 10 molar % acylCers decreased the
membrane permeability compared with that in the control
without acylCers, as expected. Notably, only a mixture of
acylCer EOS, EOdS and EOP, but not individual acylCers,
formed both the LPP and orthorhombic chain packing at
this concentration (30).
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Structures of the studied acylCers and the composition of the model lipid membranes (molar %). Green numbers indicate the

This study aims to shed light on the nontrivial relation-
ships among the acylCer polar head structure, acylCer con-
centration, membrane nanostructure, and permeability.
First, membrane models simulating healthy skin lipid bar-
rier, containing 10-20 molar % acylCers (Cer EOS, EOP,
EOds, or their mixture) of total Cer fraction were investi-
gated. For information regarding the membrane composi-
tion, see Fig. 1. X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), and the membrane perme-
abilities to water, two model permeants, and electrical im-
pedance showed that these models reproduced the human
skin lipid architecture (including LPP, lipid chain order,
and lateral packing) and permeability. These healthy skin
models were further compared with skin models with re-
duced acylCers (0 and 5 molar %), and models with an in-
creased acylCer concentration (30 molar %).

MATERIALS AND METHODS

Chemicals

AcylCers [namely, Cer EOS (d18:1/h32:0/18:2), Cer EOP
(t18:0/h32:0/18:2) and Cer EOdS (d18:0/h32:0/18:2)] (36) and
Cer AdS (d18:0/h24:0) (37) were prepared according to published
procedures. Cer NS (N-lignoceroyl-sphingosine; d18:1,/24:0), Cer
NP (N-lignoceroyl-phytosphingosine; t18:0/24:0), Cer AS (N-(2"-
(R)-hydroxylignoceroyl)-sphingosine; d18:1/h24:0), Cer AP
(N-(2-(R)-hydroxylignoceroyl-phytosphingosine; t18:0/h24:0),
and Cer NdS (N-lignoceroyl-dihydrosphingosine; d18:0/24:0) were
purchased from Avanti Polar Lipids (Alabaster, AL). FFAs (ligno-
ceric, docosanoic, eicosanoic, stearic, and palmitic acids), choles-
terol, sodium cholesteryl sulfate, theophylline (TH), indomethacin



(IND), gentamycin sulfate, propylene glycol, buffer components,
and solvents were purchased from Sigma-Aldrich (Schnelldorf,
Germany). All solvents used were of analytical or high-performance
LC (HPLC) grade. Water was purified using a Milli-Q system
(Merck Millipore, Billerica, MA).

Preparation of model SC membranes

All membranes were prepared to mimic the lipid composition
of human SC, i.e., an equimolar mixture of Cers/FFAs/Chol
with 5 weight % CholS. The Cer fraction consisted of a very
long chain Cer mixture (i.e., Cers NS, NP, AS, AP, NdS and AdS;
Fig. 1) in the control sample, which was subsequently partially
replaced with 5, 10, 20, or 30 molar % of acylCers (individual or
mixture) in the test membranes. Due to the unavailability of Cers
based on 6-hydroxysphingosine, these Cers were (proportionally)
substituted with the available Cer subclasses as follows: Cer AS was
used in place of Cer NH, and Cer AP was used in place of Cer AH
(to maintain the same number of OH groups). AcylCer EOH was
proportionally substituted with Cers EOS, EOdS, and EOP in the
Cer EO-mix. FFAs of even chain lengths between 16 and 24C were
mixed to simulate their SC proportions (Fig. 1) (38, 39).

The lipid solutions were mixed as shown in Fig. 1 and dried in
a vacuum. Then, 1.35 mg of the lipid mixture was dissolved in
400 pl of hexane/96% ethanol 2:1 (v/v) and sprayed under a
stream of nitrogen using a Linomat V (Camag, Muttenz, Switzer-
land) with additional y axis movement (38) on either a cover
glass (22 x 22 mm) for XRD or Nuclepore polycarbonate filters
(15 nm pore size, Whatman, Kent, Maidstone, UK) for the perme-
ability experiments. The sprayed area was 1 cm2, and the spraying
flow rate was 10.2 nl/min. All prepared membranes were heated at
90°C, which is above their phase transition temperature, for 10
min and then slowly (overnight) cooled to 32°C. The membrane
thickness was ~11 pm (40). Before the experiment, the mem-
branes were equilibrated for at least 24 h at 32°C and 40-50%
humidity (40, 41). The homogeneous lipid distribution between
the center and the periphery of the lipid membrane was deter-
mined by high-performance TLC after the CHCl;/MeOH (2:1
v/v) extraction of the specific part of the membrane (42).

XRD

The XRD of the studied lipid membranes was performed using
an X’Pert PRO 0-0 powder diffractometer (PANanalytical B.V.,
Almelo, Netherlands) with parafocusing Bragg-Brentano geome-
try using CukK, radiation (\ = 1.5418 A, U = 40 kV, I = 30 mA) or
CoK, radiation (A = 1.7903 A, U = 35 kV, I = 40 mA). X-ray focus:
type: line, length: 12 mm, width: 0.4 mm, take-off angle: 6°. Inci-
dent beam path: soller slit opening: 0.04 rad, beam mask width:
15 mm, automatic programmable divergence slit, irradiated length:
20 mm. Diffracted beam path: fixed anti-scatter slit height: 6.6 mm,
soller slit opening: 0.04 rad, nickel filter thickness: 0.02 mm. Beam
knife used at fixed height. The samples were mounted in modified
sample holders (with inner diameter of 32 mm, for filters or solid
samples with diameter of 30-32 mm, maximum thickness 5.8 mm)
over the angular range of 0.6-30° (2 0). The data were scanned
with the ultrafast linear position-sensitive (1D) detector X’Celerator
with a step size of 0.0167° (2 0) and counting time of 20.32 s/step
at room temperature. The data were evaluated using X’Pert Data
Viewer (PANanalytical B.V., Almelo, The Netherlands). The XRD
diffractograms show the scattered intensity as a function of the
scattering vector Q [nm '], which is proportional to the scattering
angle 2 6 according to the following equation: Q = 4 sin6/\
(X = 0.15418 or 0.17903 nm is the wavelength of the X-rays). No
correction factors were applied to the diffraction patterns. The re-
peat distance d [nm] characterizes the regular spacing of parallel
lipid layers arranged on a one-dimensional lattice and was ob-
tained from slope a of a linear regression fit of the dependence

Qn = ax n+ kaccording to the equation d = 2m/a. The peaks
were assigned to a specific lamellar phase only when R* = 0.9998.
This lipid arrangement is called a lamellar phase (L). The dif-
fractograms of the lamellar phases exhibit a set of Bragg reflec-
tions whose reciprocal spacings are in the characteristic ratios of
Qn=2mn/d (reflection’s order number n=1, 2, 3...).

Transmembrane water loss, electrical impedance, and
permeation experiments

Lipid membranes on support filters were fixed in Teflon®
holders with a 0.5 c¢m® circular opening. The holders were
mounted in Franz diffusion cells with the lipid layer facing the
donor compartment. The acceptor parts of the cellsata 6.4 + 0.1
ml volume (the precise volume was measured per cell and in-
cluded in the calculations) were filled with PBS at pH = 7.4 with
50 mg/ml of gentamicin and equilibrated at 32°C for 12 h.

For the water loss measurement, the donor part of the cell was
temporarily removed, and the TM 300 probe of the Cutometer
MPA 580 (CK Electronic GmbH, Kéln, Germany) was placed on
top of the Teflon® membrane holder. The probe distance from
the membrane was 0.6 cm, the effective measured area was 0.5
cm’, the measurement time was set to 80 s (until the steady state
was reached) and the value was recorded in grams per hour per
meter squared. The measurements were carried out at 32 + 0.5°C
(temperature of the acceptor phase) in a box that excluded the air
flow, at 26 + 1°C ambient temperature and 40-50% air humidity.

Before the impedance measurement, 500 pl of PBS (pH = 7.4)
were applied to the donor compartment on top of the lipid mem-
brane, and the membranes were equilibrated at 32°C for 2 h. The
impedance was measured using a 4080 LCR meter (Conrad Elec-
tronic, Hirschau, Germany) at an alternating frequency of 120 Hz
and an error less than 0.5% (in the measuring range between 20
Q and 10 M{)). One stainless steel probe was placed in the accep-
tor compartment, the second probe was carefully placed in the
buffer in the donor compartment, and the value was recorded in
kQ. The buffer from the donor compartment was carefully re-
moved after the measurement using cotton swabs.

For the permeability experiments, 100 pl of a suspension of the
model drug (either 5% TH or 2% IND in 60% propylene glycol)
was applied on top of the lipid membrane in the donor compart-
ment of the cell. The acceptor phase samples (300 pl) were col-
lected every 2 h for 10 h and replaced with fresh PBS (this buffer
replacement was included in the calculation of the flux). The typi-
cal lag times were below 2 h; thus, a 10 h experiment duration was
sufficient to reach the steady state. The polycarbonate membrane
had no effect on the permeability, and propylene glycol did not
extract any lipids from the membrane, which was demonstrated
using high-performance TLC (42).

HPLC

Samples containing TH and IND from the permeation experi-
ments were analyzed using isocratic reverse-phase HPLC on a Shi-
madzu Prominence instrument (Shimadzu, Kyoto, Japan) with
LC solution 1.22 software using a LiChroCART 250-4 column (Li-
Chrospher 100 RP-18, 5 pm, Merck, Darmstadt, Germany) using
validated methods (30, 41, 43). The separation of TH was achieved
using 4:6 MeOH/0.1 M NaH,PO, (v/v) at a flow rate of 1.2 ml/
min. The column was maintained at 35°C. TH was detected at 272
nm; its retention time was 3.2 + 0.1 min. For IND, 90:60:5 acetoni-
trile/water/acetic acid mobile phase was used at 2 ml/min, and
the column was maintained at 40°C. IND was detected at 260 nm
and its retention time was 3.1 + 0.1 min.

FTIR

Selected lipid membranes were measured on a Nicolet 6700 spec-
trometer (Thermo Scientific) equipped with a single reflection
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MIRacle ATR ZnSe crystal (PIKE Technologies, Madison, WI) and
a clamping mechanism with constant pressure. The spectra were
generated by the coaddition of 256 scans recorded at a 2 cm”!
resolution. Using a temperature control module (PIKE Technolo-
gies), the spectra were recorded between 28 and 100°C in 2°C
steps (the stabilization time between steps was 6 min). The analysis
was performed using Bruker OPUS software. The exact peak posi-
tions were determined from the second derivative spectra.

Data treatment

All data are presented as mean + SEM. One-way ANOVA with
Dunnett’s post hoc test (indicated with * in the figures) or test
(indicated with #) were used for the statistical analysis, and P <
0.05 was considered significant.

RESULTS

Long periodicity lamellar arrangement requires 30 molar
% Cer EOP, 20 molar % Cer EOS/EQdS, but only 10
molar % of their mixture

First, the effects of individual acylCers and their mixture
on the formation of the LPP arrangement were studied us-
ing XRD (Fig. 2 and Supplemental Table S1). The control
membrane comprised six very long Cer subclasses, five
FFAs, Chol, and CholS (Fig. 1). In the test membranes, 5,
10, 20, or 30 molar % of the Cer fraction were replaced
with the same molar proportion of acylCers; namely, Cer
EOS, Cer EOP, Cer EOdS, or their mixture (EO-mix). The
control membrane (0% acylCer) contained the follow-
ing two series of reflections: short periodicity phase (SPP)
with a repeat distance d = 5.35-5.42 nm and reflections at
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Q =1.86 nm ' and 3.69 nm ™' assigned to the separated
Chol monohydrate (d = 3.39-3.42 nm) (44). The intensity
distributions (peak shapes and amplitudes) depend on the
XRD experimental setup (along with the sample proper-
ties) and cannot be directly compared with the intensity
distributions reported in the literature.

The SPP repeat distance did not markedly change upon
the acylCer incorporation in the membranes [d=5.33-5.42
nm, which correlate with those found in SC lipid mem-
branes, 5.4-5.5 nm (18, 31, 33)]. The Chol phase was also
detected in all model membranes, which is consistent with
the literature (25, 40, 45). Most samples also displayed an-
other Chol peak at Q = 6.74 nmfl, with Miller (hkl) indices
[—111]. Some membranes (10-30 molar % Cer EO-mix,
5 molar % Cer EOS, 5 molar % Cer EOP, and 5, 10, 30 molar
% Cer EOdS) showed a weak reflection at Q = 1.33 nm”'
(or a shoulder of the SPP first-order reflection; # in Fig. 2)
corresponding to ~4.7 nm. The precise identification of
this peak was not possible due to the lack of other reflec-
tions; however, this phase represented a very minor com-
ponent of the model membranes.

LPP formation strongly depended on the acylCer polar
head structure (i.e., the sphingoid base) and concentra-
tion. In the membranes with the acylCer mixture (Cer EO-
mix), LPP with d=12.31-12.88 nm was found at 10 (in 3 of
4 samples), 20, and 30 molar % Cer EO-mix, along with
SPP and Chol (Fig. 2A, E, and supplemental Table S1). In
the model membranes with Cer EOS (Fig. 2B, F) and Cer
EOdS (Fig. 2D, G), a 20 molar % acylCer concentration
was required for LPP formation (d = 12.31 — 12.85 nm,

% of EQ-mix

Fig. 2. Representative X-ray diffractograms, lamellar
phases, and repeat distances found in the examined
membranes with the acylCer mixture (EO-mix, A, E),

% of EOS Cer EOS (B, F), Cer EOP (C, G), and Cer EOdS (D,
H). SPP, short periodicity phase (Arabic numerals),
e LPP, long periodicity phase (Roman numerals), Chol,

= phase of separated cholesterol (asterisks). # indicates
an unidentified peak probably derived from separated
behenic acid. Values are means + SEM, n = 4.

0510 20 30



supplemental Table S1). For Cer EOP, the LPP phase was
only detectable in 2 of 4 samples at the highest studied con-
centration, i.e., 30 molar % Cer EOP, with d = 12.43-12.52
nm. Due to the technical limitations of the Bragg-Brentano
geometry of our diffractometer, first- and second-order LPP
reflections were usually not detected (46). However, we
detected 4-7 higher order reflections enabling clear LPP
assignment. We cannot exclude that, due to this limitation,
some LPP that only gave the first- and second-order reflec-
tions was not detected, but this would apply only to a small
fraction of lipids forming the LPP with a poor arrangement.
All the LPP repeat distances were similar to those in murine
SC (47), porcine SC (48), human SC (15, 49), and model
membranes (16-19, 30, 33-35).

Wide-angle XRD (the region of the diffractogram between
Q=14and 18 nm™ ") provides information about lipid chain
packing (Fig. 2). Each membrane contained a reflection
revealing the distance between planes of 0.412-0.415 nm,
which originate from both orthorhombic and hexagonal
packing. Membranes containing at least 10 molar % acylCers
(or at least 20 molar % Cer EOP) also had a well-resolved
reflection corresponding to the distance between planes of
0.373-0.375 nm, which (along with the former reflection) is
indicative of an orthorhombic chain packing. The individual
distances are shown in supplemental Table S2.

Additional hydroxyl in Cer EOP, compared with Cers
EOS/EOdS, markedly changes the lipid chain order,
packing, and membrane phase transitions

FTIR spectroscopy was used to probe the acylCer effects
on the lipid chain order, packing, and phase transitions.
All studied membranes had well-ordered lipid chains at
32°C (skin temperature) as suggested by the wavenumbers
of the symmetric methylene stretching band below 2849
cm ' (50) (Fig. 3A). Twenty molar % Cer EOS increased
the lipid chain order compared with control (2848.5 Cmfl,
which is by 0.3 cm” " lower wavenumber than that of con-
trol; P < 0.05). A trend to improved lipid chain order (by
0.2 cm™'; not significant) was also apparent in the mem-
branes with Cer EOdS (Fig. 3A, B). In contrast, Cer EOP
(at 20 and 30 molar %) rather disordered the lipid chains
comPared with Cer EOS at the same concentrations (by 0.3
cm ; P=0.05). Such wavenumber shifts are rather small
but relevant in the context of human skin lipids; for exam-
ple, atopic dermatitis patients have by 0.4 cm™! higher
methylene symmetric stretching wavenumbers compared
with healthy individuals (21).

The methylene stretching vibration is also sensitive to
phase transitions, which are indicated by a marked increase
in the band wavenumber. The control membrane without
acylCers underwent a main order-to-disorder transition at
65°C (Fig. 3C). Upon the acylCer incorporation into the
membranes, the transition temperatures did not significantly
change (supplementary Fig. S2) and remained within the
range of lipid transition temperatures (60-80°C) reported
for intact human SC (51-53). Only with 30 molar % Cer
EOP, the transition shifted to a higher temperature over
the control (82°C, P< 0.05) and broadened, which is sug-
gestive of noncooperative melting of different lipid domains
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Fig. 3. FTIR spectroscopy of the lipid membranes showing the
lipid chain order (A, B), phase transitions (C, D). A and B: methy-
lene symmetric stretching wavenumbers at 32°C plotted against the
acylCer concentration and example second derivative spectra of the
methylene symmetric stretching of the membranes with 20 molar %
acylCers, respectively (lower wavenumbers indicate more ordered
lipids). C and D: order-to-disorder phase transition temperatures
plotted against the acylCer concentration and methylene symmetric
stretching wavenumbers of Cer EOP membranes plotted against
temperature, respectively. The data are presented as means + SEM,
n = 3. Asterisks indicate statistically significant differences com-
pared with the control at P< 0.05 (ANOVA).

(Fig. 3D). Similar but not significant behavior was observed
with 20 molar % Cer EOP.

The methylene scissoring and rocking FTIR bands are
sensitive to the lateral lipid arrangement (supplementary
Figs. S3 and S4). In all studied membranes at 32°C with or
without acylCers, the methylene scissoring band was split into
a doublet (at ~1472 and 1465 cm '), which is due to the
shortrange vibrational coupling of the lipid chains packed in
an orthorhombic subcell, and a central band at 1468 cmfl,
which is attributed to hexagonal lipid packing. This coexis-
tence of orthorhombic and hexagonal packing is typical for
SC lipids (54). Doublets indicative of orthorhombic packing
were also observed in the methylene rocking bands (55) (at
~729 and 718 cm™'). The band shapes indicate increased
proportion of orthorhombic lipids with 10-20 molar % acyl-
Cers; for example, the scissoring doublet is ~1 cm ! wider in
20% Cer EOS compared with control (50), but these changes
could not be reliably quantified due to the complexity of the
overlapping bands. Furthermore, the change in the propor-
tion of orthorhombic lipids might also be due to a shift in the
orthorhombic-hexagonal phase transition that takes place in
the same temperature region.

Higher than physiological acylCer concentrations do not
improve the barrier

The effects of acylCers on the membrane permeabilities
were examined using four markers (Fig. 4, supplementary
Table S3, and supplementary Fig. S5). TH is a representative
small molecular exogenous permeant (MW = 180 g/mol)
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Fig. 4. Permeabilities of model lipid membranes
containing Cer EO-mix, Cer EOS, Cer EOP, and Cer
EOdS (at 5-30 molar % from the Cer fraction) com-
ok pared with a control membrane without acylCers. A:
Flux values of a model permeant TH. B: Flux values of
a model permeant IND. C: Relative water loss through

the membrane. D: Electrical impedance. Red shading
of the bars indicates LPP presence. The data are pre-
sented as means + SEM, n = 3-10. Asterisks indicate
statistically significant differences compared with the
control at *, P< 0.05; ** P< 0.01; *** P<0.001; and
Rk P < 0.0001 (ANOVA). # indicates a statistically
significant difference compared with the control at
P<0.05 (ttest).
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with balanced hydrophilic and lipophilic behavior (log
P = —0.02). The TH flux through the control membrane
without acylCers was 0.36 pg/cm”/h (Fig. 4A, supplemen-
tary Table S3). With the Cer EO-mix in the membranes,
the flux decreased at 10 molar %, and then slowly in-
creased, reaching values similar to those in the control at
30 molar % Cer EO-mix. With Cer EOS in the membranes,
TH flux reached minimum at 20 molar % Cer EOS. Cer
EOdS, which lacks a double bond compared with Cer EOS,
led to the lowest permeabilities to TH among all studied
membranes (with minimum at a 20 molar % concentra-
tion). With Cer EOP (which has an additional hydroxyl at
C4 compared with Cer EOdS), the permeabilities to TH
decreased at 10 molar % Cer EOP but then markedly in-
creased, reaching 0.72 ug/ch/h at 30 molar % Cer EOP.

IND is a relatively large lipophilic molecule (MW = 358
g/mol, log P = 3.8). The IND flux through the control
membrane was 0.23 Mg/cmg/h (Fig. 4B, supplementary
Table S3). The Cer EO-mix significantly reduced the IND
flux; the membrane with 20 molar % Cer EO-mix had an
almost three-times stronger barrier than the control. In the
Cer EOS and Cer EOdS membranes, the minima were also
reached at 20 molar %. Cer EOP initially decreased the
IND flux at 5-10 molar % concentration and then in-
creased it at 30 molar % Cer EOP.

Water loss through the control membrane was set to
100% (Fig. 4C). In the membranes with 10-20 molar %
Cer EO-mix, the water loss decreased by 12-13%. Cer EOS
or Cer EOdS did not significantly change the water loss at
any concentration studied, whereas 30 molar % Cer EOP
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increased the water permeability by almost 50%. The elec-
trical impedance did not reveal significant differences
among the membranes, except for 20 and 30 molar % Cer
EOP, which decreased the values by an order of magnitude
compared with that in the control (Fig. 4D).

DISCUSSION

Models with 10-20 molar % acylCers mimic the
nanostructure and permeability of healthy skin barrier lipids

The characteristic composition and organization of in-
tercellular SC lipids are essential for the barrier function
of human skin. AcylCers, which constitute an epidermal-
specific subclass of Cers with ultralong w-hydroxylated
chains esterified with linoleic acid, represent an indispens-
able component of the skin lipid barrier. Despite numer-
ous reports of diminished acylCers in skin diseases, due to
the complexity of lipid alterations in such diseases, eluci-
dating the relationships among the acylCer polar head
structure, acylCer concentration, SC lipid organization, and
permeability is challenging.

Here, we studied model membranes with 6-9 Cer sub-
classes, including acylCers (namely, Cer EOS, EOdS, EOP,
and their close-to-physiological mixture, Cer EO-mix; each
at 0-30 molar % of the Cer mixture), FFAs, Chol, and
CholS. The acylCer mixture induced LPP formation at 10
molar %, Cer EOS and EOdS at 20 molar %, whereas
the phytosphingosine-based Cer EOP only promoted this
lamellar phase at 30 molar % of the Cer fraction. This



behavior indicates the advantage of a polar head heteroge-
neity in acylCers in the skin barrier, and a lessened ability
of Cer EOP to form LPP compared with Cer EOS. The lack
of LPP in the system with 10 molar % Cer EOS contrasts
previous studies using membranes composed of Cer EOS/
Cer NP/bovine brain Cer/FFA mixture/Chol (31) or Cer
EOS/Cer NS/lignoceric acid/Chol/CholS (30), where the
LPP was formed at 5 and 10 molar % concentration, respec-
tively. Thus, both membrane composition and preparation
procedure appear to play important roles in whether LPP
is formed; this behavior is currently under investigation.

Human SC lipid chains are well ordered (typical infra-
red methylene symmetric stretching values around 2849
Cmfl) (21) and tightly organized in orthorhombic packing
(56, 57). The models with close-to-physiological concentra-
tions of Cer EO-mix (and also with Cer EOS and Cer EOdS)
reproduced both the SC lipid chain order and packing.
The lipid packing in the model with Cer EOP appeared less
tight and the phase transition in the model with 20% Cer
EOP suggested a formation of separated domains.

The permeabilities of the models with 10-20 molar %
Cer EO-mix were in good agreement with the membranes
with isolated Cers from human SC (flux values of TH and
IND were 0.25 +0.03 pg/cm’/h and 0.09 + 0.01 pg/cm®/h,
respectively) (58). Thus, the lipid systems with 10-20 molar
% Cer EO-mix reproduced the lamellar phases, chain or-
der, lateral packing, and permeability of human skin lipids.
In the membrane with 20 molar % Cer EOP, a weaker bar-
rier compared with the membranes with Cer EOS and Cer
EOdS was found, which is consistent with the lack of LPP
and less tight packing in the EOP sample. Notably, LPP
formation in the membranes with 10 molar % Cer EO-mix
and 20 molar % Cers EOS/EQdS coincided with the min-
ima in their permeabilities. However, considering the per-
meabilities of the membranes with Cer EOS and Cer EOdS
at 10 molar % (i.e., without LPP) and 20 molar % (with
LPP), we cannot conclude that LPP formation per se de-
creases membrane permeability (at least not to the mark-
ers investigated here). To better understand this behavior,
we prepared membranes with either decreased or in-
creased acylCer content.

Models with 0-5 molar % acylCers mimic some hallmarks
of diseased skin lipid barrier (lack of LPP, less ordered
lipids, less tight lipid packing and increased permeability)
The reduction in the acylCer content has been found in
numerous skin diseases (4, 59), for example in atopic der-
matitis (6, 10, 11, 20, 21, 60). In this inflammatory skin dis-
ease, LPP was diminished or absent, lipids were less ordered
(by 0.4 cm ! higher methylene symmetric stretching wave-
number) and less tightly packed (reduced width of the
methylene scissoring vibration by 1 cm_l) compared with
healthy individuals (21). These structural changes were ac-
companied by increased transepidermal water loss [by up
to 33% (11), by 10% (61), or 2- to 3-fold compared with
healthy skin (6, 20, 21)] and 2- to 3.5-fold higher perme-
ation of various compounds [e.g., TH (62), sodium lauryl
sulfate, polyethylene glycols, various dyes; reviewed in Ref.
(63)]. Thus, we prepared lipid models with reduced acyl-

Cer content (to 0-b molar %) to see whether such models
reasonably reproduce the above-mentioned disease fea-
tures (disturbed lipid organization and increased permea-
bility compared with models with 10-20% acylCers). One
cannot expect a lipid model to provide results quantita-
tively comparable to data found in diseased skin as the
model membranes do not contain corneocytes or corneo-
cyte lipid envelopes, and more lipid abnormalities influ-
ence permeability in atopic skin in addition to reduced
acylCers [e.g., Cers and FFAs with shortened chains (21),
unsaturated FFAs (64) or changes in the covalent lipid
envelope (10)]. In addition, the missing acylCers in the
model were replaced by the Cer mixture. Therefore, the
changes described here can be solely attributed to the lack
of particular acylCer molecules and not to fewer lipids or
disturbed Cers/FFAs/Chol ratios.

The membrane without acylCers arranged into SPP and
Chol phase, which is consistent with previous findings (30,
41, 65) as LPP requires acylCers (30, 32, 66). Previously, a
small fraction of lipids formed the LPP upon the incorpo-
ration of 5 molar % Cer EOS in model membranes com-
posed of an equimolar mixture of Cers (EOS, NP, and
bovine brain Cer in a 1:7:2 ratio), FFA mixture, and Chol
(31). However, in our membrane model, the substitution
of 5 molar % of the Cer mixture with acylCers either with a
single acylCer (EOS, EOP, or EOdS) or a mixture (Cer EO-
mix) was not sufficient to form LPP. This discrepancy may
be due to differences in lipid composition and sample
preparation. In addition, the small shift in the methylene
symmetric stretching wavenumber (by up to 0.4 em” ') in-
dicates a slightly decreased lipid chain order associated
with reduced acylCers compared with that in membranes
with close-to-physiologic acylCer concentrations.

The permeabilities of our membranes with 0-5 molar %
Cer EO-mix to TH, IND, and water were ~40% higher,
~100, and by 30% higher, respectively, than those with
10 molar % Cer EO-mix, which is the composition closest
to that of the native skin lipid barrier. Thus, the lipid
systems with 0-5 molar % acylCers reasonably reproduced
both the altered lipid nanostructure (lack of LPP, less
ordered lipids, and less orthorhombic chain packing) and
increased permeability, which are some of the hallmarks
of skin diseases associated with reduced acylCer content.
These results also suggest that TH and IND are appar-
ently complementary markers that respond differently to
changes in the membrane composition probably because
of their different permeation pathways (67) and because
acylCers strongly reinforce the inward permeability barrier
to lipophilic compounds.

Increased acylCer content (30 molar %) does not improve
the barrier but reveals structure-activity relationships
among acylCers

Furthermore, we were interested in determining whether
increased concentrations of acylCers could further pro-
mote LPP formation and reinforce the barrier. We pre-
pared membranes with 30 molar % acylCers, as such high
acylCer concentrations (or even higher) have been used in
experiments investigating the LPP structure (18, 19, 68, 69).
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At 30 molar % acylCers, either single or mixed, LPP, SPP,
and the Chol phase were observed in all studied mem-
branes. Similar results were observed by Neto et al. (18) in
model membranes composed of an equimolar mixture of
Cers (containing 30 molar % Cer EOS), FFA mixture, and
Chol, and they reported LPP as the dominant phase, ac-
companied by a minor fraction of a separated Chol phase
and one reflection of SPP. The persistence of SPP in all our
model membranes at 30 molar % of acylCers contrasts with
previous studies using membranes with simpler composi-
tion [Cer EOS, Cer NS, lignoceric acid, Chol and CholS
(30)] or higher proportion of Cer EOS (40 molar %) (19).
The differences between these studies may be caused by
the variations in the lipid composition and membrane
preparation. Notably, the XRD peak intensities in the
membranes with 30% acylCers were rather low, indicating
that the fraction of regularly organized lipids was dimin-
ished. This behavior is supported by the apparent trends in
FTIR to diminished chain order and packing at 30% acyl-
Cers and permeability data. This effect of 30% acylCers
may be connected with the limited heterogeneity in the
lipid chain lengths or membrane preparation method.

Despite the LPP presence in all studied membranes at
the 30 molar % acylCer content, their permeabilities were
strongly affected by the acylCer polar head structure. The
membranes with 30 molar % Cer EO-mix, Cer EOS, and
Cer EOdS had similar permeabilities to the membranes
with close-to-physiological acylCer concentrations. In con-
trast, a rather weak barrier (to TH, water, and electrical
current) was found in the membrane with 30 molar % Cer
EOP. Thus, the LPP formed at 30 molar % Cer EOP is
either organized differently than the LPP induced by Cer
EOS, Cer EOdS, or Cer EO-mix (although they have simi-
lar repeat distances) or is accompanied by structural al-
terations not detectable by XRD. In fact, 30 molar % Cer
EOP likely induced phase separation. As the additional
separated phase was not observed by XRD, it probably
lacked a periodically repeating structure, which may ex-
plain the negative effects of Cer EOP on the membrane
permeability.

Apparently, C4-C5 unsaturation in Cer EOS does not
have significant influence on the lipid arrangement into
LPP, whereas C4 hydroxyl disturbs the ability of Cer EOP
to organize in this manner. This Cer EOP behavior is cor-
related with previous finding that Cer EOP has decreased
ability to form LPP compared with Cer EOS and that Cer
EOP can, at least partly, phase separate (31). Pure Cer EOP
also forms a stronger hydrogen bond network than Cer
EOS and more readily organizes into an LPP-like phase
with 12.5 nm periodicity without other skin barrier lipids
(17). The different relative contributions of hydrogen
bonding and chain packing in the organization of phyto-
sphingosine Cer and sphingosine Cer have been discussed
previously (70, 71). Thus, the LPP observed in our 30 mo-
lar % Cer EOP membranes might actually be a separated
Cer EOP-rich phase. Cer EOP appears to be the weakest
barrier component among the acylCers studied here. This
unfavorable behavior of Cer EOP likely explains why skin
prefers to synthesize Cer EOS (~50% acylCers) over Cer
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EOP (~10%) although the amounts of other phytosphin-
gosine Cers such as Cer NP and Cer AP in the skin barrier
are rather high Bl
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